Introduction
Although several promising molecular classification and therapeutic strategies have been applied in clinical settings, the outcome of patients with breast cancer rarely improves. 1 The morbidity and mortality of breast cancer rank among the highest in females worldwide. 2 This is because the mechanisms of breast cancer tumor initiation and progression of are still unclear. The identification of biomarkers with potent proliferative capability and prognostic value has recently attracted increasing interest.
Ubiquitylation and proteasome-dependent degradation, modulated by ubiquitin ligases, are responsible for the control of cellular protein expression. 3 The tripartite motifcontaining (TRIM) superfamily consists of more than 80 members that are multidomain ubiquitin E3 ligases. They share evolutionary conserved domain structures including an N-terminal RING domain with E3 ubiquitin ligase activity, a B-box domain, a coiled-coil domain, and a C-terminal PRYSPRY domain. 4 TRIM21, also called Ro52 or RNF81, was identified as an antibody-binding protein involved in the autoimmune diseases systemic lupus erythematosus and Sjögren's syndrome and exerts critical functions in innate immunity to neutralize viral infection. 5 It is ubiquitously expressed by both hematopoietic and nonhematopoietic cells. The known function of TRIM21 is binding to internalized antibody-coated viruses, targeting them for degradation. 6 For example, BECLIN1, Bcl-2, and p62 have been identified as the binding proteins of TRIM21 during cellular processes, such as autophagy and cell proliferation. 6 Mounting evidence has shown that TRIM21 is involved in the progression of human cancers. 7 Decreased expression of TRIM21 has been found in hepatocellular carcinoma and diffuse large B-cell lymphoma. 8, 9 TRIM21 enhances the ubiquitination of Oct-1 to participate in the maintenance and self-renewal of cancer stem cells. 10 TRIM21 confers drug resistance to cisplatin to colon cancer cells via the suppression of Par-4. 11 In breast cancer, TRIM21 was found to be capable of downregulating the expression of Sal-like 4 (SALL4) and Lifeguard. 12, 13 However, the clinical significance of TRIM21 and its role in cell proliferation in breast cancer remain elusive.
Using tissue microarray (TMA)-based immunohistochemistry (IHC) and in vitro experiments, we evaluated the expression of TRIM21 and its clinical value in two independent cohorts of 1,219 patients with breast cancer. We also investigated the upstream regulation of TRIM21 and its effect on cell growth. Our data suggest that TRIM21, regulated by miR-494-3p, serves as a potential prognostic biomarker and functions as a tumor suppressor in breast cancer. 
Materials and methods Patients

Cell lines and transfection
Breast cancer cell lines (MCF7, MDA-MB-231, and SKBR3) purchased from the Cell Resource Center, Chinese Academy of Science Committee (Shanghai, China) were cultured with DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated FBS (HyClone, Logan, UT, USA). Following the instructions for Lipofectamine 2000 (Thermo Fisher Scientific), cells were transfected with TRIM21-overexpressing vector or shRNA for 24 hours (sc-40917-SH, Santa Cruz Biotechnology Inc., Dallas, TX, USA) and then selected in G418-contained medium for another 2 weeks to construct stable cell lines.
Quantitative real-time PCR (qRT-PCR)
Complementary DNA was synthesized from the total RNA using the PrimeScript RT reagent Kit (Takara, Kyoto, Japan). qRT-PCR was performed with SYBR Premix ExTaq (Takara). The expression of the endogenous gene β-actin served as a control for the relative expression of TRIM21. The −ΔCt method was used to calculate the expression. Conditions for RT-PCR were set as the following: 95°C for 10 minutes, 40 cycles of 94°C for 30 seconds, 60°C for 30 seconds, 72°C for 30 seconds, and a final extension of 10 minutes at 72°C. The primers used in this study were as the following. TRIM21, forward: 5′-TCAGCAGCACGCTTGACAAT-3′ and reverse: 5′-GGCCACACTCGATGCTCAC-3′. β-actin, forward: 5′-TGGCACCCAGCACAATGAA-3′ and reverse: 5′-CTAAGTCATAGTCCGCCTAGAAGCA-3′.
MTT
Stable cells were cultured in 96-well plates for 5 days. A total of 20 µL of MTT (5 mg/mL) was added into the wells for 3 hours. The formazan crystals were dissolved in DMSO (150 µL/well). The absorbance at 490 nm of each sample was measured. The cell growth rate was calculated.
Colony formation
Five hundred cells were incubated in six-well plates with DMEM medium plus 500 mg/L G418. After 2 weeks, the colonies were fixed with 4% paraformaldehyde and stained with 0.05% crystal violet solution for 10 minutes, washed with PBS, and counted. 
Transient transfection and luciferase assays
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Western blot
Proteins extracted from fresh tissues or cells with various treatments were fractionated by SDS-PAGE, transferred to polyvinylidene difluoride membrane, and then incubated with a primary specific antibody for TRIM21 (1:1,000, #92043, Cell Signaling Technology) and GAPDH (1:1,000, sc-293335, Santa Cruz Biotechnology) in 5% nonfat milk, followed by a horse radish peroxidase-conjugated anti-rabbit/ mouse second antibody. Enhanced chemiluminescence detection reagent (Amersham Life Science, Piscataway, NJ, USA) was used to show the results.
IHC and evaluation
Formalin-fixed and paraffin-embedded sample sections were dewaxed in xylene and graded alcohols, hydrated, and washed in PBS. After pretreatment in a microwave oven, endogenous peroxidase was inhibited by 3% hydrogen peroxide in methanol for 20 minutes, followed by avidin-biotin blocking using a biotin-blocking kit (DAKO, Darmstadt, Germany). Slides were then incubated with TRIM21 antibody overnight in a moist chamber at 4°C, washed in PBS, and incubated with biotinylated goat anti-rabbit/mouse antibodies. Slides were developed with DAB and counterstained with hematoxylin. Semiquantitative IHC detection was used to determine the TRIM21 protein levels. Using the H-score method, the expression levels were scored as proportion of immunepositive staining area (0%, 0; 1%-25%, 1; 26%-50%, 2; 51%-75%, 3; 76%-100%, 4) multiplied by the intensity of staining (0, negative; 1, weak; 2, moderate; 3, intense). The scores were independently rendered by two pathologists. The median IHC score was chosen as the cutoff value for defining high and low expression.
IHC was also used to assess the expression of estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (Her2), and Ki67 in breast cancer. Positivity for ER, PR, and Ki67 was recorded if the percentage of positive cells was more than 10% of the cancer cells. Positivity for Her2 was determined by an IHC score 3+. For cases with an IHC score 2+, FISH was used for the determination of Her2-positive cases.
Animal model
Four-week-old male BALB/c-nude mice were randomly separated into two groups. A total of 5×10 6 
Statistical analysis
Continuous variables were analyzed using Student's t-test (two-tailed) and presented as the mean with SEM. KaplanMeier analysis (the log-rank test) was used for survival analysis and univariate analysis. The Cox proportional hazards regression model was used to evaluate the independent prognostic value of TRIM21 in breast cancer. A P-value <0.05 was considered statistically significant.
Results
TRiM21 expression is decreased in breast cancer
To determine the expression of TRIM21 in breast cancer, 21 pairs of specimens were collected. The qRT-PCR results showed that TRIM21 mRNA in breast cancer was significantly downregulated compared with the corresponding adjacent nontumorous samples in 61.9% (13/21) of cases ( Figure 1A) . Consistently, the protein expression of TRIM21 was, on average, 6.18-fold higher in the tumor tissues than that in the nontumorous tissues ( Figure 1B ). To further evaluate the expression of TRIM21 in breast cancer, a cohort containing 169 archived paraffin-embedded samples, along with their clinical and pathologic features, was collected to construct a TMA. TMA-based IHC demonstrated that TRIM21 was mainly identified in the cytoplasm of tumor and nontumor cells ( Figure 1C ). According to IHC scores, the expression of TRIM21 was significantly decreased in breast cancer tissues compared to that in nontumorous tissues ( Figure 1C ). Negative staining of TRIM21 in tumor tissue was found in 29.9% (50/169) of cases, whereas it was found in 9.6% (16/169) of nontumor cases. Downregulation of TRIM21 in breast cancer compared with that in the corresponding adjacent breast tissues was present in 76.9% (130/169) of the cases.
low expression of TRiM21 is correlated with poor outcomes in breast cancer
To determine the clinical implication of TRIM21 in breast cancer, the cases were divided into two groups (high TRIM21 expression and low TRIM21 expression) according to the median IHC score Table 1 ). The median overall survival time was 36.27 months for patients with low TRIM21 expression and 48.0 for those with high TRIM21 expression. Kaplan-Meier analyses revealed that patients with low TRIM21 expression were likely to have shorter survival times accompanied by a shorter period of tumor relapse (Figure 2A, B) . The prognostic value of TRIM21 in breast cancer was confirmed in The Cancer Genome Atlas cohort containing 1,050 cases, showing that patients with low TRIM21 mRNA expression had a higher propensity for disease progression and cancer-related death ( Figure 2C, D) . Furthermore, multiple Cox regression analysis suggested TRIM21 as an independent factor for unfavorable overall survival (hazard ratio =0.372, 95% CI: 0.193-0.715, P=0.003) ( Table 2 ).
TRiM21 expression is downregulated by miR-494-3p in breast cancer
To investigate the upstream regulation of TRIM21, two bioinformatic algorithms (miRanda and TargetScan) were used to search for the potential regulator of TRIM21 in breast cancer. A putative binding site for miR-494-3p was found at 244-250 base pairs of the 3′UTR of TRIM21 ( Figure 3A) . In MCF7 and SKBR3 cells, TRIM21 mRNA was reduced by overexpression of miR-494-3p ( Figure 3B ) but induced by the miR-494-3p inhibitor ( Figure 3C ). The protein expression of TRIM21 was consistently altered by miR-494-3p ( Figure 3D ). To determine whether miR-494-3p modulated TRIM21 by directly targeting the 3′UTR of TRIM21, a dual-luciferase reporter assay was performed. The results showed that relative luciferase activity was significantly reduced in cells with miR-494-3p mimics and wild-type TRIM21 3′UTR. This reduction was not found in the cells with mutant TRIM21 3′UTR ( Figure 3E) . Collectively, these results demonstrated that miR-494-3 p directly targeted the 3′UTR of TRIM21 to suppress its expression in breast cancer.
TRiM21 suppresses cell growth in breast cancer
To explore the biologic function of TRIM21 in breast cancer, stable cells were established according to the basal expression of TRIM21 ( Figure S1 ). The overexpression of TRIM21 in SKBR3 and MDA-MB-231 cells and the silence of TRIM21 in MCF7 were validated by Western blot ( Figure 4A ). MTT A 0 n=21 T1   T7 N7 T8 N8 T9 N9T10 N10T11N11T12N12   N1 T2 N2 T3 N3 T4 N4 T5 N5 T6 N6   TRIM21 
P=0.0068
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Decreased TRiM21 indicates poor prognosis in breast cancer assays showed that the growth rates were accelerated in cells with TRIM21 overexpression but slowed down in cells with TRIM21 silencing (Figure 4B ). The effect of TRIM21 on cell proliferation was confirmed by colony formation assays. More foci were formed by depletion of TRIM21, whereas exogenous TRIM21 markedly inhibited cell growth ( Figure 4C ). Nude mouse model data demonstrated that TRIM21 was capable of suppressing breast cancer growth in vivo. Xenografts formed by cells with TRIM21 silencing grew much faster than those in the control group ( Figure 4D ). These findings indicated that TRIM21 might function as a tumor suppressor in breast cancer.
Discussion
Dysregulation of ubiquitin ligase has been demonstrated to contribute to the progression of human cancers.
14 Increasing attention has been paid to the potent implications of the function of E3 ubiquitin ligase in the clinical management of breast cancer. 15 In this study, we showed that TRIM21 was downregulated in breast cancer and associated with poor outcomes. The decrease of TRIM21, partly attributed to the miR-494-3p-mediated post-transcriptional suppression, facilitated cell growth in breast cancer.
The prognostic value of TRIM proteins in human cancers has been documented. TRIM24 was correlated with poor survival and functioned as an oncogene in prostate and breast cancer. 16, 17 The oncogenic nature of TRIM25 was identified in prostate and breast cancer. High expression of TRIM25 was linked to unfavorable prognosis. 18, 19 TRIM29 was upregulated and associated with tumor progression and served as a robust pathogenic driver in bladder cancer. 20 However, reduced expression of TRIM29 was found to correlate with poorer survival in breast cancer. 21 Aberrant expression of TRIM65 has been shown to connect with poor overall and diseasefree survival in hepatocellular carcinoma. 22 The literature reports that decreased expression of TRIM21 predicts shorter survival times in patients with hepatocellular carcinoma and diffuse large B-cell lymphoma 8, 9 but better prognosis in patients with pancreatic cancer.
11 TRIM21 has also been identified as a diagnostic biomarker for breast cancer. 23 In our study, TRIM21 was noticeably downregulated in breast cancer. Patients with low TRIM21 expression were likely to have shorter survival times and experience a shorter interval of tumor progression in two independent cohorts consisting of 1,219 patients. This might be due to the correlation of reduced expression of TRIM21 and larger tumor size, advanced clinical stage, and the presence of Her2 amplification. In addition, after adjusting for the prognostic factors established in the univariate analysis, a significant correlation between TRIM21 expression and overall survival was confirmed. Collectively, these data indicate that TRIM proteins are of promising prognostic value in human cancers.
Uncontrolled cell proliferation mediated by oncogene overexpression or depletion of tumor suppressors is responsible for malignant progression. Our data demonstrated that ectopic expression of TRIM21 markedly inhibited, whereas knockdown of TRIM21 significantly facilitated, breast cancer growth in vitro and in vivo. While further studies are required to disclose the mechanism through which TRIM21 promotes cell proliferation in breast cancer, currently published data may offer some possibilities. First, TRIM21 was capable of ubiquitylating and degrading oncoproteins involved in the maintenance of cell stemness, such as SALL4 and OCT1. 10, 12 Second, TRIM21 was able to affect the progression of the 
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Decreased TRiM21 indicates poor prognosis in breast cancer cell cycle, autophagy, and apoptosis via modulating expression of p53, SQSTM1/p62, and Par-4. 11, 24, 25 Third, TRIM21 is involved in the regulation of glycolysis and DNA repair by downregulating DDX41 and phosphofructokinase 1 platelet isoform. 26, 27 Taken together, TRIM21 functions as an poor survival and promoted cell proliferation in vitro and tumor growth in vivo. Our findings suggest that TRIM21 serves as a potential prognostic and therapeutic biomarker and functions as a tumor suppressor in breast cancer.
